Epidemiological and preclinical studies have demonstrated that bioactive foods like flavonoids, polyphenolic compounds derived from fruits and vegetables, exert a protective action against obesity, cardiovascular disorders, and Adipocyte Tissue Macrophage infiltration (ATM). All these pathologies are characterized by increase in reactive oxygen species (ROS) and in proinflammatory cytokines that have been shown to favor the migration of immune cells, particularly of macrophages, in metabolically active organs like the liver and adipose tissue, that in Drosophila are constituted by a unique organ: the fat body. This study, using a unique Drosophila model that mimics human ATM, reveals the beneficial effects of flavonoids to reduce tissue inflammation. Our data show that anthocyanin-rich food reduces the number of hemocytes, Drosophila macrophages, infiltrating the fat cells, a process that is associated with reduced production of ROS and reduced activation of the JNK/SAPK p46 stress kinase, suggesting a fundamental function for anthocyanins as antioxidants in chronic inflammation and in metabolic diseases.
Introduction
Obesity is a metabolic syndrome occurring worldwide and often associated with other chronic diseases such as cardiovascular disorders, type II diabetes, and cancer [1] .
The onset of obesity is the result of multifactorial elements, including a sedentary lifestyle, genetic predisposition, ethnicity, and environmental factors (such as organic pollutants) [2] ; these factors with a diet rich in fats and sugars and poor in phytonutrients may result in weight gain and subsequently lead to metabolic disorders [3, 4] . Obesity is known to trigger a low-grade inflammation in metabolically active tissues and in organs such as the liver and adipose tissue [5] [6] [7] [8] . Inflammation is the result of cellular and humoral responses with the scope to protect the organism from various insults, including infection and tissue damage, in attempt to rescue tissue homeostasis [9, 10] .
In humans, the adipose tissue regulates lipid homeostasis and in normal conditions controls the storage of energy reserves in the form of triglycerides as well as functioning as an endocrine organ, producing a variety of proinflammatory cytokines such as IL-1, IL-6, and IL-8, IFN , and TNF [11, 12] . In pathological conditions, such as obesity or metabolic syndrome, the adipocytes start to alter the production of these proinflammatory cytokines, which results in the activation of the innate immune system with recruitment of immune cells including macrophages leading to a state of chronic inflammation or ATM [7] . In addition, lipid accumulation and chronic inflammation in obese people are associated with a permanent increase of oxidative stress and with the production of high levels of reactive oxygen species (ROS) [13, 14] , which is often associated with the activation of the c-Jun-NH 2 -terminal kinase (JNK/SAPK) p46, member of a mitogen-activated protein kinases (MAPKs) downstream of JNK signaling [15] . This pathway is highly conserved in Drosophila and consists of a cascade of phosphorylation events starting with the activation of the JNKKK kinases, consisting of the Ask1 and Tak1, that activate MKK7, the orthologue of Hemipterous (Hep), and terminates with the activation of JNK/SAPK p46 kinase, called basket (bsk) in Drosophila, that is negatively regulated by Puckered (puc), a 2 BioMed Research International phosphatase, which itself is a target of JNK/SAPK p46 kinase (see Figure 3 (e)) [16] .
This pathological situation influences other organs by altering their functions. Furthermore the adipose tissue from obese individuals exhibits a reduced capacity to store fat leading to an increase of circulating free fatty acids (FFAs) that promotes insulin resistance and damages the mitochondrial membrane thereby enhancing the production of ROS causing oxidative stress [17] [18] [19] .
Epidemiological evidence suggests that a high intake of bioactive food is associated with a lower risk of developing chronic diseases like obesity [20] . Bioactive foods may influence the physiological and cellular activities of oxidative pathways and in recent years the attention has been focused on a class of secondary metabolites present in plant foods called flavonoids that seem to possess beneficial properties in preventing chronic diseases [21, 22] . The possible health benefits of flavonoids are linked to their potent antioxidant and free radical scavenging activities demonstrated in vitro and in vivo using different animal models [23] . Among the different classes of flavonoids, anthocyanins represent the major red, purple, and violet pigment in many plants and fruits. In vivo studies showed that anthocyanins added to the diet stimulate the secretion of insulin and decrease the generation of ROS [21, 24] . Preclinical studies performed on human demonstrate that dietary anthocyanins have a positive biological effect against obesity-induced inflammation and oxidative stress [24, 25] , which is associated to a lower risk of type 2 diabetes. This potentially important application creates a high interest in understanding the action of these natural bioproducts in preventing metabolic diseases.
In order to study the mechanisms that control the antiinflammatory response to flavonoids, we took advantage of a previously unrecognized conserved functional relationship between the immune cells, called hemocytes (macrophage like cells) and adipocytes (larval fat body, FB) [26] . Drosophila FB, a metabolic tissue with similar physiological functions to the mammalian adipose tissue and liver, acts as a functional unit to control key metabolic processes and the native immune response, in addition to storing fats and sugars [27] . In Drosophila the immune response is orchestrated by the hemocytes that are circulating cells in the hemolymph, present at all stages of the life cycle, and compose the fly's innate immune system [9, [28] [29] [30] [31] [32] [33] . Hemocytes are essential mediators in the cell-cell communication process: they have been shown to mediate a response between the fat body and tumor cells to control their growth [34] and to promote proliferation of epithelial cells in response to the release of ROS following cell death in cells of the imaginal discs [35] .
Using our model of obesity, we observed that hemocytes infiltrate the FB of obese larvae mimicking the chronic inflammation present in human obesity (manuscript in submission). In this study we report that treatment with anthocyanin-enriched food results in a significant decrease in the number of hemocytes infiltrating the FB concomitantly to a reduction in ROS and of the phosphorylation of JNK/SAPK stress kinase.
Our data demonstrate that the mechanisms driving the protective role of bioproducts like anthocyanins in vivo as anti-inflammatory and antioxidants are conserved in Drosophila. In addition, they highlight the potential use of our model to study the complex relationship between inflammation and obesity and corroborate the positive action of anthocyanins to combat chronic inflammation in humans.
Materials and Methods
. . Fly Stocks and Husbandry. Hml-RFP/CyO is a gift from Katja Brückner at UCSF. The P0206-Gal4 from [36] , UASCG7839RNAi (BL 25992), is an RNA interference lines that reduces the expression of the CG7839 gene encoding for the orthologue of the yeast ribosomal protein Noc1; herein the CG7839-RNAi construct will be called Ni. Fly cultures and crosses were grown on standard fly food composed of yellow corn, sugar, and yeast molasses-base, at 25 ∘ C.
Feeding Experiment and Chemical Compounds. Crosses were kept in culture bottles perforated to provide adequate air circulation and eggs were collected on a grape agar plate (5%) supplemented with dry yeast every 3 hours. First instar larvae were collected after 24 hours AEL (after egg laying) and shifted into vials containing different food. First instar larvae were reared with 2 g of standard food, hereafter Normal Food (NF) and 5 ml of each flavonoid (FL) extract, one containing only flavonoids (NF + FL) and another extract containing flavonoids and 0.24 mg/ml anthocyanins (NF + FL + ACN). All these phenolic compounds were extracted from the cobs of yellow and purple corn (gift from Katia Petroni and Chiara Tonelli, University of Milan); only the purple extract is rich in anthocyanins, while the content of other flavonoids is the same in both extracts (the content of flavonoids present in the extracts are reported in [37] ).
. . Hemocytes Quantification and Size Analysis in Larval Fat
Bodies. To label in vivo plasmatocytes, which comprise more than 95% of the hemocytes population in the Drosophila larva, we used the transgene HmlΔ-DsRed (Hml-RFP) that contains the promoter for hemolectin, expressed in the hemocytes, fused with the Red Fluorescence Protein (RFP) [38] . Fat bodies from 20 larvae at 5 and 12 days AEL were dissected in phosphate-buffered saline (PBS) pH 7.4 and fixed in 4% paraformaldehyde (PFA) for 30 minutes. Hoechst 33258 (Sigma Aldrich) was added to stain DNA in a final concentration of 1 g/ml. After washing with PBS, fat bodies were mounted onto slides with DABCO-Mowiol and images were acquired using an SP2-LEICA Lasertechnik GmbH confocal microscope. Images were analyzed with the ImageJ software. In order to analyze the cell size, the larval fat bodies were fixed in 4% PFA, permeabilized with 0.2% Triton X-100 in PBS, and rinsed in PBS 1x and membranes were stained with 1 : 100 Alexa Fluor 488 Phalloidin to visualize the cytoskeleton through the binding between Phalloidin and Factin and Hoechst 33258 for nuclei and then mounted onto slides with DABCO-Mowiol. Photographs were taken using confocal microscopy and the area of adipose cells for each fat body was calculated with ImageJ software. In order to visualize lipids, fat bodies were stained with Nile Red (Sigma Aldrich) and with Alexa Fluor 488 Phalloidin following the protocol in [39] .
. . In Vivo Detection of ROS Using Dihydroethidium (DHE).
DHE is used to detect cytosolic superoxides and radical oxygen species (ROS). The reaction between DHE and superoxide anions generates a highly specific red fluorescent product (ethidium), which intercalates with DNA. ROS levels were detected in live tissue as described in [40] . Briefly, larval fat bodies at 5 and 12 days AEL were dissected in Schneider's insect medium (GIBCO). After incubation in 30 M DHE (Invitrogen) for 5-7 minutes in the dark at room temperature, fat bodies were washed three times with Schneider's medium and immediately mounted with VECTASHIELD Antifade Mounting Medium.
. . RNA Extraction and Quantitative RT-PCR. Total RNA was extracted from 8 whole larvae using QIAGEN RNeasy Mini Kit. 1 g total RNA from each genotype was reversetranscribed into cDNA using SuperScript IV MILO Master Mix (Invitrogen). The obtained CDNA was used as the template for quantitative real-time PCR (qRT-PCR) using SYBR Premix Ex Taq-Tli RnaseH Plus II (TaKara), analyzed on a RT-PCR BIORAD thermocycler machine. In these experiments, gene expression levels were normalized to actin mRNA, used as the internal control. The following primers for qRT-PCR were used: actin c 5 -CAGATCATGTTCGAG-ACCTTCAAC-3 (R) and 5 -ACGACCGGAGGCGTA-CAG-3 (F) and E74B 5 -GAATCCGTAGCCTCCGACTGT (R) and 5 -AGGAGGGAGAGTGGTGGTGTT (F) [39] .
. . Protein Extractions and Immunoblotting. The larval fat bodies (10 for each genotype) were dissected in Schneider's medium serum-free and lysed in 80 l of lysis buffer 1x (50 mM Hepes pH 7.4, 250 mM NaCl, 1 mM EDTA, 1.5% Triton X-100). Protease inhibitor cocktail (Sigma-Aldrich) was added to inhibit protease and phosphatase activities. Samples were sonicated two times for 10 seconds and then centrifuged. Protein concentration was determined by Bradford protein assay (Bio-Rad). The samples were boiled in 1x SDS and then separated on 10% SDS-polyacrylamide gels and blotted. Membrane was incubated with primary antibody antiphospho-p46 SAPK/JNK (Cell Signaling #9521) or antiactin (Hybridoma Bank) overnight at 4 ∘ C in blocking buffer and then washed in 0.1% Tween 20 with TRIS-buffered saline (TBST). Appropriate secondary antibody was incubated for 2 hours, followed by washing. The signal was revealed with ChemiDoc Touch Imaging System (Bio-Rad Lab).
. . Immunostaining. Dissected fat bodies from 20 larvae were fixed in a solution of 4% PFA/PBS for 40 minutes. After permeabilization with 0.3% Triton/PBS, tissues were washed in a solution of Tween 0.04%/PBS, saturated with 1% BSA/PBS, and incubated overnight with anti-SPARC antibodies (1 : 400), a generous gift from Martinek et al. [41] , and visualized using anti-Rabbit Alexa555 (Invitrogen).
. . Statistical Analysis. The experiments were repeated at least three times and the statistical analysis among the various genotypes was examined by Student's -test. Differences were considered significant if values were less than 0.05 ( * ), 0.01 ( * * ), 0.001 ( * * * ), and 0.0001 ( * * * * ).
Results

. . Obese Larvae Have Increased Size of Fat Cells and Increased Hemocytes in the Fat
Body. In order to study the ability of hemocytes to infiltrate the fat cells, we blocked pupariation (Figure 1(a) ) creating larvae P -Gal ; UASNi where the reduction of the size of the prothoracic gland, the endocrine organ that produces ecdysone, resulted in reduced levels of ecdysone (Figure 1(b) ), leading to animals that develop at almost normal rate and continue to feed until 3 weeks with an increased body weight (see method). Drosophila FB-cells function as storage for nutrients, which synthesize and release energy, and accumulate fat and sugars; in our obese animals we observed that at 12 days AEL the size of the cells from the FBs from P -Gal ; UAS-Ni larvae increased (Figure 1(c) ) due also to the accumulation of fats in lipid droplets visible by Nile Red staining (Figure 1(d) ). Those P -Gal ; UAS-Ni animals acquired phenotypic characteristics of obese individuals, including increased triglycerides (TAGs), glucose circulating in the hemolymph, resistance of fat cells to stimulation with insulin, and increased hemocytes in the FB (manuscript in submission).
Chronic inflammation in the adipose tissue is characterized by the infiltration of macrophages in the fat cells; we therefore analyzed if a similar event was present in the FB of our obese animals. We labeled the hemocytes in vivo using the Hml-RFP reporter line that specifically expresses Red-Fluorescence protein in hemocytes and introduced this transgene to our genetic background. Hml-RFP positive cells were monitored over time to visualize and quantify the number of hemocytes infiltrating the FB, from control and obese animals at 5 days AEL and at 12 days AEL in the obese larvae. These results showed that FBs from P -Gal /Hml-RFP; UAS-Ni animals contain at 5 days AEL a small but significantly higher number of hemocytes in their FBs (5.2%, < 0.05) as compared to control P -Gal /Hml-RFP (Figure 1(e)) ; furthermore, at 12 days the percentage of hemocytes in P -Gal /Hml-RFP; UAS-Ni animals was drastically increased to 17% ( < 0.00001). Hemocytes are characterized by the expression of high levels of the cell adhesion protein SPARC (secreted protein acidic and rich in cysteine, also known as osteonectin or BM 40) [41] ; morphological analysis of FBs from 12-day P -Gal ; UAS-Ni animals showed the presence of crown-like structures of hemocytes, positive with anti-SPARC antibodies, that surrounded the fat cells, mimicking similar structures described in the fat of obese individuals suffering from chronic inflammation (Figure 1(f) ).
. . Obese Larvae Have Increased Phosphorylation of JNK/ SAPK and of ROS Production in the FB.
Chronic inflammation in obese people is often associated with high levels of reactive oxygen species (ROS) and with the activation of the c-Jun-NH 2 -terminal kinase (JNK/SAPK) p46 [15] .
We therefore analyzed, in our Drosophila model of chronic inflammation, if there was an activation of JNK signaling by looking at the levels of phosphorylation of JNK/SAPK p46. Western blot analysis using extracts from FBs of larvae from P -Gal at 5 days AEL or P -Gal ; UAS-Ni at 5 and 12 days AEL shows an increase in the phosphorylation of JNK/SAPK p46 kinase (Figure 2(a) ).
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Since ROS are known to induce the activation of the JNK pathway we then analyzed if in the FBs from the obese larvae there was an increase in ROS signaling, using DHE as a marker. These experiments show that at 5 days AEL, DHE staining increased in FBs from P -Gal ; UAS-Ni (Figure 2(b) , middle panel) animals as compared to control (Figure 2(b), left panel) ; moreover, DHE staining further increased at 12 days AEL (Figure 2(b) , right panel) suggesting that FBs form these animals exhibit significant increase in ROS production over time.
. . Dietary Anthocyanins Reduce Hemocytes Infiltration in FBs and Phosphorylation of JNKSAPK p . Flavonoids (FL)
and anthocyanins (ACN) are known to have antioxidant effects against inflammation-induced oxidative stress. Therefore, we analyzed if the presence of FL or ACN in the diet of the obese animals had an effect on the chronic inflammation and stress phenotypes.
Staged first instar larvae were transferred to normal standard food (NF) or to food enriched with FL only or enriched with FL + ACN, herein called ACN (Figure 3(a) and material and methods), and their effect on the migration of hemocytes in the FBs was quantified by visualizing the number of HML-RFP positive cells on dissected FBs using a fluorescent microscope. These experiments show that after 5 days of feeding with the different diets, only food containing ACN significantly reduces from 5.7% to 3.2% the presence of hemocytes in the FBs of P -Gal ; UAS-Ni animals, while treatment with FL did not have any effect (Figure 3(b) ). At 12 days instead both FL and ACN diets were able to significantly decrease the number of hemocytes (Figure 3(b) ). In addition macroscopic analysis of the shape and number of hemocytes showed that at 12 days AEL both FL and ACN treatments were able to reduce the formation of crown-like structures of hemocytes surrounding the fat cells in P -Gal ; UAS-Ni animals (middle and left panel) Figure 3(c) . We then analyzed the effect of FL and ACN diets on the phosphorylation of the stress-response JNK/SAPK p46; FBs from animals growing in the different diets were dissected at 5 and 12 days AEL and phosphorylation of JNK/SAPK was analyzed by western blot. These experiments showed that at 5 days AEL, feeding with ACN significantly reduced the phosphorylation of JNK/SAPK p46 in FBs from P -Gal ; UAS-Ni (Figure 3(d) ), while after 12 days AEL both diets with FL and ACN were able to significantly reduce JNK/SAPK p46 phosphorylation, suggesting a potential role at later points for FL in reducing oxidative stress.
Discussion
Obesity and metabolic disorders are pathological conditions associated with our diet enriched of fats and sugars or with a sedentary life, but also with environmental factors that may pollute our food with chemicals that affect lipid metabolism. As consequences we have seen an increase in cardiovascular diseases, type 2 diabetes, and a chronic inflammation of the adipose tissue (ATM) induced by the persistent infiltration of macrophages into the fat cells, for which the mechanisms are not totally understood but have been associated with an oxidative stress condition present between the immune cells in the metabolic tissues. In order to study in vivo these relationship, we have taken advantage of the conserved relationship in Drosophila between the immune cells (hemocytes) and the fat body (adipose tissue) to study how bioproducts like flavonoids in particular anthocyanins that are known to act as antioxidants and that are naturally present in our food may ameliorate or counteract the migration of the hemocytes into the FB using our animal model that mimics chronic inflammation in vertebrate (ATM).
Anthocyanins are a class of flavonoids classified as bioactive food have been shown to ameliorate hyperglycemia, insulin sensitivity, and fat accumulation in obese mice fed to a high fat diet and in vertebrates studies identify a beneficial effect by anthocyanins in combating inflammation-related diseases such as diabetes, cardiovascular diseases, and obesity [25, 42, 43] . Moreover, clinical studies in humans demonstrate that higher consumption of anthocyanins is associated with weight loss in both men and women and reduces the risk of developing chronic diseases with a mechanism poorly understood [24, 44] .
In this study, we are using our innovative model that mimic obesity in flies, where upon blocking growth by reducing ecdysone, the animals develop at almost normal rate but continue to feed with an increase in body weight and in the fat cell-size; these animals acquire the characteristics of obese people, with an accumulation of TAGs and insulin resistance (manuscript in preparation). Moreover, these animals present an infiltration of hemocytes (macrophage-like cells) within the cells of the FB that progressively increases until the formation of the typical "crown-like structures" described in obese patients suffering from ATM [5] . We demonstrate that in FBs from these obese animals there is increased production of ROS, indicating the presence of an oxidative stress that may be responsible of the augmented phosphorylation of the JNK/SAPK p46 stress kinase. Because the molecular mechanisms that regulate lipid metabolism are highly conserved between humans and flies [45, 46] and hemocytes have been shown to be functionally equivalent to macrophages we can speculate that the mechanisms underlining these humoral responses are conserved also in flies. Therefore, we use our obesity model to investigate the antioxidant effect of flavonoids and anthocyanins to chronic inflammation. In our study, we find that a diet rich in anthocyanins reduces hemocytes migration in the larval FB and decreases the accumulation of TAGs in the fat cells (not shown) ameliorating several characteristics of the obese phenotypes. Moreover, we showed that anthocyanins reduce the production of ROS in cells of the FB and significantly attenuate the phosphorylation of JNK/SAPK p46 kinase providing evidence that may play a key role in regulating the JNK-mediated cellular stress responses and to control ROS signaling.
The interplay of signals that regulate the nonautonomous responses between hemocytes and the cells of the FB is coming up as a new field for important studies; indeed recently hemocytes have been shown to be responsible of mediating an humoral immune response in a model for tumor growth, where they were shown to trigger signals responsible of killing the tumor cells through a nonautonomous mechanism mediated by the activation of cytokines of the Toll and Eiger/TNF by the fat body [34] . More recently, hemocytes were shown that upon stress conditions they are able to migrate near epithelial cells and to produce ROS to induced the release of Eiger/TNF by the epithelial cells through the activation of the JNK signaling pathway, suggesting also in this case the presence of nonautonomous signals between the hemocytes and the cell of the epithelium necessary for tissue homeostasis [35, 47, 48] . In a similar way, we can speculate that the hemocytes in the FB from obese animals may be activated by the oxidative stress signals (ROS), present in the FB, that trigger signals to induce the production of cytokines of the Toll and Eiger/TNF that further aggravate the oxidative stress condition that attract the hemocytes that constitutively migrate into the fat cells causing a status of chronic inflammation.
In our experiments, we show that anthocyanins are able to reduce the activation of JNK/SAPK p46 stress kinase. As mentioned before, JNK pathway is activated upstream by ROS and by cytokines including Eiger/TNF ; this pathway is inhibited by a negative regulatory feedback that induces the transcription of the phosphatase puckered (Figure 3(e) ). In our model, we can speculate that anthocyanins may either directly block cytokines upstream of JNK signal, for example, by controlling Eiger/TNF signaling, or they may contribute to the activation of the negative feedback that involved the activity of puckered.
Interestingly, anthocyanins were shown to act concomitantly with detoxification enzymes such as superoxide dismutase, catalase, glutathione peroxidase, glutathione-Stransferase (GST), and glutathione reductase to reduce oxidation. In Drosophila Gst-D [49] and jafrac, an inhibitor of cell death, together with puckered, were shown to be transcriptional targets of jun-fos activity in response to the activation of JNK pathway, and these genes were shown to negatively counteract the oxidative stress response [50] . Our preliminary data however did not find any regulation in the expression of GstD in the fat cells from the obese animals upon feeding with FL or ACN anthocyanins (data not shown) suggesting that probably this enzyme is not involved in the regulation of JNK signaling by anthocyanins in these cells.
In conclusion, with the present study we provide for the first time a strong evidence of the potential use of anthocyanins in the diet to control chronic inflammation and provide a link to the oxidative stress that characterize the adipose tissue in obese animals. We were able to evidence the ability of anthocyanins to decrease in vivo the phosphorylation of JNK/SAPK p46 stress kinase, thus providing a new insight into the mechanism of phenolic compounds in the treatment of inflammation in adipose tissues, a field of currently study since the lack of a better knowledge of the mechanisms that regulate or control ATM in pathologies such as obesity and metabolic disorders.
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